Reactive oxygen species, including superoxide, generally are considered neurotoxic molecules whose effects can be alleviated by antioxidants. Different from this view, we show that scavenging of superoxide with an antioxidant enzyme is associated with deficits in hippocampal long-term potentiation (LTP), a putative neural substrate of memory, and hippocampal-mediated memory function. Using transgenic mice that overexpress extracellular superoxide dismutase (EC-SOD), a superoxide scavenger, we found that LTP was impaired in hippocampal area CA1 despite normal LTP in area CA3. The LTP impairment in area CA1 could be reversed by inhibition of EC-SOD. In addition, we found that EC-SOD transgenic mice exhibited impaired long-term memory of fear conditioning to contextual cues despite exhibiting normal short-term memory of the conditioning experience. These findings strongly suggest that superoxide, rather than being considered exclusively a neurotoxic molecule, should also be considered a signaling molecule necessary for normal neuronal function.
Long-term potentiation (LTP) in the hippocampus is an activitydependent increase in synaptic strength that has been hypothesized to underlie mammalian learning and memory (Bliss and Collingridge, 1993) . The most intensely studied form of LTP is induced by high-frequency stimulation (HFS) of the Schaffer collateral-commissural input to the pyramidal neurons of area CA1. The induction of LTP in area CA1 is dependent on the activation of NMDA receptors (Collingridge et al., 1983) followed by an influx of Ca 2ϩ into the postsynaptic cell (Lynch et al., 1983; Malenka et al., 1988) . The influx of Ca 2ϩ results in the activation of a number of Ca 2ϩ -dependent enzymes, some of which produce small signaling molecules, including cAMP, nitric oxide-cGMP, and arachidonic acid (for review, see Roberson et al., 1996) .
An additional class of signaling molecules likely to be produced in response to LTP-inducing HFS are reactive oxygen species (ROS), particularly superoxide. Consistent with this possibility, it was shown that superoxide is produced in response to NMDA receptor activation in hippocampal area CA1 (Bindokas et al., 1996) . In addition, several studies showed that removal of superoxide alters hippocampal LTP in area CA1. For example, cellpermeable superoxide scavengers of superoxide were shown to block LTP (Klann, 1998) , and cell-impermeable superoxide scavengers were shown to strongly attenuate LTP . Finally, hippocampal slices from transgenic mice that overexpress cytoplasmic superoxide dismutase (SOD-1) were found to exhibit deficient LTP (Gahtan et al., 1998) . These data suggest that ROS, such as superoxide, are critical components of the signal transduction machinery necessary for LTP in hippocampal area CA1.
On the basis of a large body of evidence that links hippocampal LTP and certain types of memory function (Martin et al., 2000) , the finding that cell-impermeable scavengers strongly attenuate LTP suggests the possibility that extracellular superoxide may be important not only for LTP but also for hippocampal-dependent memory function. To test this hypothesis, we performed studies with transgenic mice that overexpress extracellular superoxide dismutase (EC-SOD). Herein we report that EC-SOD transgenic mice exhibit a reversible impairment of LTP in hippocampal area CA1. Furthermore, we report that EC-SOD transgenic mice exhibit impaired long-term but not short-term memory in contextual fear conditioning, a hippocampal-dependent memory task. Taken together, our findings suggest that extracellular superoxide is critical for both hippocampal LTP and hippocampal-dependent memory function.
MATERIALS AND METHODS
EC-SOD transgenic mice. EC -SOD transgenic mice were generated as previously described (Oury et al., 1992) . Briefly, purified EC -SOD DNA was injected into the pronuclei of fertilized eggs isolated from mice [(C57BL /6 ϫ C3H)F1 ϫ (C57BL /6 ϫ C3H)F1]. Mouse eggs surviving microinjection then were implanted into the oviducts of pseudopregnant foster mothers (CD1) following standard procedures. Mice carrying the human EC -SOD transgene were identified by Southern blot analysis of tail DNA probed with the entire human EC -SOD cDNA. Transgenic founders were bred with (C57BL /6 ϫ C3H)F1 (14 -16 back-crosses) to produce offspring for f urther studies. Heterozygote mice expressing human EC -SOD were compared with wild-type mice from the same litter for each experiment. Nissl staining. Brains from wild-type and EC -SOD transgenic mice were sectioned as described previously (Oury et al., 1999) . Sections were collected sequentially in four bins of cryoprotectant and stored at Ϫ20°C until processing. One bin of tissue from each brain was processed for staining with cresyl violet. Sections were analyzed with a Z eiss (Thornwood, N Y) Axioplan photomicroscope equipped with differential interference optics. Images of immunoreactive cells were digitized with a DAGE (Michigan C ity, I N) video camera (MTI 3CCD) and an image analysis system (Simple 32; C -Imaging Systems).
Reverse transcription-PCR . Hippocampi were dissected from the brains of EC -SOD transgenic mice and nontransgenic littermates, and RNA was isolated using acid phenol-chloroform extractions as previously described (Chomczynski and Sacchi, 1987) . Message for human EC -SOD or mouse EC -SOD was detected by reverse transcription (RT)-PCR using a Geneamp rtTh PCR kit (Perkin-Elmer, Norwalk, C T) and primers specific for either mouse EC -SOD (forward, 5Ј-CCCATGC TC TCCGCC TC TA-GAA-3Ј; reverse, 5Ј-AAAGTCATTGCC TTGGCGCATG-3Ј) or human EC -SOD (forward, 5Ј-AGACACC TTCCAC TC TGAGG-3Ј; reverse, 5Ј-GTTTCGGTACAAATGGAGGC -3Ј). PCR products were detected after agarose gel electrophoresis by ethidium bromide staining.
Immunoc ytochemical staining. Wild-type and EC -SOD transgenic mice were killed by lethal injection with Nembutol. The brain was perf used and fixed by injecting 20 ml of 4% buffered formalin through the left ventricle of the heart. Hippocampal sections then were processed for standard paraffin embedding. Five-micrometer-thick sections were cut onto poly-Llysine-coated slides for immunochemical labeling using a rabbit polyclonal antibody specific to human EC -SOD with minor variations to a previously described protocol (Oury et al., 1996) . Briefly, the primary antibody was diluted into a wild-type mouse brain homogenate at 1:300 and allowed to incubate overnight at 4°C. The solution was centrif uged to remove particulates and applied to tissue sections that had been treated with 0.1% pepsin in 0.01N HC l for 10 min for antigen retrieval. After washing, the primary antibody was detected using biotinylated goat anti-rabbit IgG and the Vectastain ABC reagent (Vector Laboratories, Burlingame, CA) followed by development with diaminobenzidine. As a control, serial sections were labeled with nonimmune rabbit IgG. To f urther control for potential nonspecific staining, sections from wild-type mice lacking human EC -SOD were labeled with this antibody against human EC -SOD to ensure that the labeling present in the EC -SOD transgenic mice was specific for human EC -SOD.
Western blots. Equivalent amounts of hippocampal protein from wildtype and EC -SOD transgenic mice were resolved with 10% SDS-PAGE, blotted electrophoretically to Immobilon membranes (Millipore, Bedford, M A), and incubated in Tris-buffered saline with T ween 20 (50 mM Tris-HC l, pH 7.5-8.0, 150 mM NaC l, and 0.1% T ween 20) containing 3% bovine serum albumin. Blots were incubated with either an antibody specific for human EC -SOD or an antibody specifc for mouse EC -SOD, followed by horseradish peroxidase-linked secondary antibody, and developed using enhanced chemiluminescence (Amersham Pharmacia Biotech, Arlington Heights, IL). Densitometric analysis of immunoreactivity was conducted using N IH Image software.
SOD activit y. EC -SOD activity and total SOD activity (cytoplasmic SOD and mitochondrial SOD) remaining after extraction of EC -SOD were measured by inhibition of cytochrome c reduction at pH 10 as described previously (Crapo et al., 1978) .
Preparation of hippocampal slices. Hippocampi from male heterozygote EC -SOD transgenic mice and male wild-type mice 3-6 months old (ϳ25-35 gm) were removed, and 400 m slices were prepared with a McI lwain tissue chopper. The slices were perf used for 1-2 hr with a standard saline solution (in mM: 124 NaC l, 4.4 KC l, 26 NaHC O 3 , 10 D-glucose, 2 C aC l 2 , and 2 MgC l 2 , gassed with 95% O 2 and 5% C O 2 , pH 7.4) in an interface tissue slice chamber at 30 -32°C.
Induction of paired-pulse facilitation and post-tetanic potentiation. For assessment of either paired-pulse facilitation (PPF) or post-tetanic potentiation (P TP), a pair of bipolar stimulating electrodes were placed into the st. radiatum of area CA1 to stimulate the Schaffer collateral -commissural fibers, and a recording electrode was placed into the st. radiatum of area CA1. PPF is a presynaptic facilitation revealed when two stimuli are presented in rapid succession; the response to the second stimulus is enhanced depending on the interstimulus interval. The initial slope of the extracellular field EPSP (fEPSP) for each stimulus was measured over a range of interstimulus intervals (25-400 msec). Facilitation was measured by examining the ratio of the fEPSP slope to stimulus 2/fEPSP slope to stimulus 1. P TP was analyzed by measuring the fEPSP slope every second for the first 15 sec after HFS. To avoid the potentially confounding effects of LTP on measurements of P TP, the NMDA receptor antagonist 2-amino-5-phosphonovaleric acid (APV; 100 M) was included in the perf using solution.
Induction of LTP. For induction of LTP in area CA1, a pair of bipolar stimulating electrodes was placed into the st. radiatum of area CA1 to stimulate the Schaffer collateral -commissural fibers, and a recording electrode was placed into the st. radiatum of area CA1. Responses to electrical stimulation in area CA1 were monitored for at least 20 min before the delivery of LTP-inducing HFS. In most experiments, test stimuli (50 sec duration) were given at a current (30 -100 A) that produced 50% of the maximum initial slope fEPSP. Responses to test stimuli were measured every 2.5 min as an average of four individual traces (0.1 Hz). One train of LTP-inducing HFS consisted of 100 pulses delivered at 100 Hz using a current (60 -100 A) that elicited the maximum fEPSP. Multiple trains of HFS were delivered with an intertrain interval of 20 sec. Responses to test stimuli were measured every 2.5 min as an average of four individual traces (0.1 Hz) for 60 min after the final train of HFS. Post-HFS responses were elicited using the same test stimulation intensity as that used before HFS. LTP was defined as a Ն20% increase in the initial slope of the fEPSP compared with pre-HFS control levels (within-slice comparison).
For induction of mossy fiber LTP in area CA3, mouse hippocampal slices were prepared as described previously for rat hippocampal slices (Urban and Barrionuevo, 1996) . Slices were transferred to an incubation chamber containing a standard saline solution containing (in mM): 125 NaC l, 2 KC l, 26 NaHC O 3 , 10 dextrose, 1 C aC l 2 , and 6 MgC l 2 , gassed with 95% O 2 and 5% C O 2 , pH 7.4, at room temperature. After incubation, slices were transferred to a recording chamber and submerged in the same standard saline solution described above, with the exception that the divalent ion concentrations were (in mM): 2.5 C aC l 2 and 1 MgC l 2 , and the solution contained 100 M APV to block NMDA receptors. The temperature of the recording chamber was 30 -32°C. A bipolar stimulating electrode was placed into the granule cell layer of the dentate gyrus to stimulate the mossy fibers; a recording electrode was placed into the st. radiatum of area CA3. Mossy fiber LTP was induced with three trains of HFS. Each train consisted of 100 pulses delivered at 100 Hz with an intertrain interval of 10 sec (Urban and Barrionuevo, 1996) . Responses to test stimuli were measured every 2.5 min as an average of four individual traces (0.1 Hz) for 60 min after the final train of HFS. Post-HFS responses were elicited using the same test stimulation intensity as that used before HFS. LTP was defined as a Ն20% increase in the initial amplitude of the fEPSP compared with pre-HFS control levels (within-slice comparison).
For all of the LTP experiments, n was the number of mice used in each experimental condition.
W hole-cell recordings. Slices were placed in a submersion recording chamber and perf used with the following external solution (in mM): 125 NaC l, 2.5 KC l, 1.25 NaH 2 PO 4 , 25 NaHC O 3 , 2 CaCl 2 , 1 MgC l 2 , 10 glucose, and 0.01 bicuculline, gassed with 95% O 2 and 5% C O 2 , pH 7.4, at 30 -32°C. Whole-cell recordings were obtained from CA1 pyramidal neurons identified visually by differential interference contrast and infrared video microscopy (Stuart et al., 1993) . Gigaohm seals (Ͼ2 G⍀) were obtained with patch pipettes (3-7 M⍀) pulled from borosilicate glass and filled with the following internal solution (in mM): 122.5 C s gluconate, 11.5 C sC l, 8 NaC l, 10 H EPES, 0.5 EGTA, 4 ATP, 0.3 GTP, and 14 phosphocreatine, pH 7.2-7.4, 290 -300 mOsm. Recordings were made with an Axopatch 1D amplifier (Axon Instruments, Foster C ity, CA) operating in voltage-clamp mode. Series resistance (12-20 M⍀) was not compensated, and recordings were discarded for analysis if the series resistance changed Ͼ20%. EPSC s were evoked at 0.1 Hz by stimulation of the Schaffer collateral -commissural pathway using bipolar stimulation electrodes placed in the st. radiatum 100 -200 m from the st. pyramidale. Stimulation parameters were adjusted to elicit EPSC s with a peak amplitude of 50 -150 pA when recorded at Ϫ70 mV. The AM PA and NMDA components of the EPSC were measured as the mean current in 10 msec time windows placed at the current peak (AM PA) or 50 -80 msec after the peak (NMDA). Currentvoltage plots were made for each neuron after currents were normalized relative to the AM PA component (measured at Ϫ60 or ϩ60 mV, respectively).
Conte xtual fear conditioning: unsignaled shock s. To test the animals' ability to associate neutral contextual stimuli with an aversive stimulus (foot shock) in the absence of competing discrete stimuli paired with shock, the animals were placed into a standard mouse conditioning chamber (13 ϫ 10.5 ϫ 13 cm) equipped with a house light (28 V), a loudspeaker, and a floor consisting of 19 equally spaced metal rods (2.8 mm diameter). The fear-conditioning chambers were housed in sound-attenuating cubicles (56 ϫ 50 ϫ 41 cm) equipped with a background noise-generating fan to overshadow extraneous sounds. The onset of the cubicle fan and the illumination of the house light signaled the onset of the training session. A 2 sec scrambled foot shock (0.75 mA) was presented 120 and 240 sec after session onset. The session ended 30 sec after the second shock, as indicated by the extinguishment of the house light and the cubicle fan. The animals were removed immediately and returned to their home cages. To test fear conditioning to the contextual cues, the animals were returned to the training context 24 hr after training for a 5 min test session. As previously, session onset and offset were indicated by the turning on and off, respectively, of the house light and the cubicle fan. No shocks were presented during the test session. The occurrence of freezing (no movement other than respiratory movement), an indicator of fear, was measured every 10 sec during training, except the two 10 sec bins during which the shocks occurred, and every 10 sec throughout testing. A summary of this and the next protocol is provided in Table 1 .
Conte xtual fear conditioning: signaled shock s. The training session was identical to the one described above, except that a 30 sec tone (80 dB, 2 kHz) preceded and terminated with the onset of each of the two shocks. Conditioning to the training context was tested either 3 min or 24 hr after training with either a 2 min (immediate test) or a 5 min (delayed test) test session as described above. To test fear conditioning to the cue, the animals were returned to their home cages for either 24 hr (immediate context test) or 2 hr (delayed context test) after testing conditioning to the context. The test chamber was modified with respect to tactile, spatial, visual, and olfactory properties to create a novel test environment. The animals were placed into the modified chamber for a 6 min test session, with the tone present continuously during the second 3 min of that session. The occurrence of freezing was measured during training and test sessions, as described above.
Open-field behavior. To test the animals' locomotor f unction and exploratory behavior in a novel context, the animals were placed for 10 min in an open-field chamber (28 ϫ 28 ϫ 40 cm) whose floor was divided into 16 equal-sized square fields, and the frequency of the following behaviors was recorded: (1) entries into each of the 16 fields, (2) rearing, (3) nose poking into small holes (1 cm diameter) equally spaced 2 cm above the floor along two opposite walls of the chamber, and (4) freezing bouts, an indicator of fear.
Pain threshold. To test the animals' sensitivity to pain, we placed the animals individually on a surface (25.5 ϫ 25.5 cm) surrounded by Plexiglas walls and heated to 52 Ϯ 0.1°C and recorded the latency to (1) forepaw lick, (2) hindpaw lick, (3) hindpaw shake, and (4) jumping. The animals were removed from the surface immediately after the jump or after 5 min had elapsed, whichever came first.
RESULTS

Anatomical and biochemical characterization of EC-SOD transgenic mice
The mutant mice used in these studies overexpress human EC-SOD. These transgenic animals appeared to be healthy and exhibited no obvious neurological abnormalities. Adult brains of the mice were fixed and examined for histological abnormalities. The appearance and size of the brains from EC-SOD transgenic mice were indistinguishable from those of wild-type mice from the same litter. We examined the gross anatomy of various brain regions with Nissl staining and observed no obvious abnormalities in EC-SOD transgenic mice compared with wild-type mice, including the hippocampal formation (Fig. 1 A) . Thus, at a gross neuroanatomical level, EC-SOD transgenic mice appeared to be identical to their wild-type littermates.
We proceeded to analyze EC-SOD transgenic mice at the biochemical level. RT-PCR analysis revealed that human EC-SOD mRNA was highly expressed in the hippocampus, with no effect on endogenous levels of mouse EC-SOD mRNA (Fig. 1 B) . Similarly, Western blot analysis revealed that EC-SOD transgenic mice overexpressed human EC-SOD protein in the hippocampus without alteration of endogenous levels of EC-SOD protein (Fig. 1C) . Using immunohistochemical techniques, we observed that human EC-SOD was expressed diffusely throughout the hippocampi of transgenic mice (Fig. 1 D) . In enzymatic assays we found that EC-SOD transgenic mice had ϳ10-fold more hippocampal EC-SOD activity than wild-type mice did (Fig. 1 E) . Taken together, these results demonstrate that the EC-SOD transgenic mice overexpress an enzymatically competent EC-SOD in the hippocampus.
Impaired LTP in hippocampal area CA1 in EC-SOD transgenic mice
We previously showed that cell-impermeable superoxide scavengers strongly attenuate LTP in area CA1 of rat hippocampal slices . Because of the overexpression of EC-SOD in the hippocampus, we hypothesized that LTP would be impaired in EC-SOD transgenic mice. In the first set of experiments, we induced LTP in area CA1 of hippocampal slices from wild-type and EC-SOD transgenic mice with one train of HFS (100 pulses at 100 Hz). This induction paradigm produced LTP in slices from wildtype mice (fEPSP slope ϭ 145 Ϯ 7% of control; n ϭ 9; Fig. 2 A,B) . In contrast, the same induction protocol failed to produce LTP in slices from EC-SOD transgenic mice (fEPSP slope ϭ 100 Ϯ 3% of control; n ϭ 9; Fig. 2 A,B) . We also performed experiments in area CA1 using three trains of HFS. With this induction paradigm we observed robust potentiation in slices from wild-type mice (fEPSP slope ϭ 165 Ϯ 5% of control; n ϭ 10; Fig. 2C ) and strongly attenuated potentiation in slices from EC-SOD transgenic mice (118 Ϯ 5% of control; n ϭ 10; Fig. 2C ). Taken together, these results are consistent with the idea that extracellular superoxide is necessary for the full expression of LTP in hippocampal area CA1.
To determine whether extracellular superoxide also was necessary for LTP hippocampal area CA3, we induced LTP at the mossy fiber3 CA3 pyramidal cell synapse in slices from wild-type and EC-SOD transgenic mice with three trains of HFS. In contrast to the forms of LTP examined in Figure 2 , A and C, mossy fiber LTP is NMDA receptor-independent (Harris et al., 1984) . As illustrated in Figure 2 D, we observed no difference in mossy fiber LTP between slices from wild-type mice (fEPSP amplitude ϭ 153 Ϯ 15% of control; n ϭ 5) and EC-SOD transgenic mice (fEPSP amplitude ϭ 165 Ϯ 19% of control; n ϭ 5). These data suggest that extracellular superoxide is not necessary for mossy fiber LTP in area CA3, and that superoxide production in the hippocampus is likely to be coupled to NMDA receptor activation (Bindokas et al., 1996) .
EC-SOD transgenic mice exhibit normal synaptic transmission, post-tetanic potentiation, and paired pulse facilitation
We performed several experiments to determine whether the impairment of LTP in hippocampal area CA1 of EC-SOD transgenic mice was attributable to alterations in either synaptic transmission or NMDA receptor function. First, we tested the synaptic inputoutput relation in area CA1 by using a range of stimulus intensities (10 -70 A) to elicit synaptic responses and comparing either the fiber volley amplitude versus the stimulus intensity (Fig. 3A) or the fEPSP slope versus the fiber volley amplitude (Fig. 3B) . We observed no significant differences between wild-type and EC-SOD transgenic mice with either comparison (Fig. 3A,B) . Using wholecell recordings we similarly detected no differences between wildtype and EC-SOD transgenic mice in the amplitude and time course of synaptic currents at various voltages (data not shown). Furthermore, the current-voltage relationships for the non-NMDA component (Fig. 3C) as well as the NMDA component (Fig. 3D ) of the synaptic currents were indistinguishable between wild-type and EC-SOD transgenic mice (Fig. 3C,D) . Finally, there were no significant differences in high-frequency synaptic transmission between slices from wild-type and EC-SOD transgenic mice, measured as either total depolarization during HFS [integrating the entire response to HFS: wild-type, 106 Ϯ 8% of control; n ϭ 4; EC-SOD transgenic (TG), 103 Ϯ 5% of control; n ϭ 4] or the steady-state depolarization produced during HFS (averaged over the last 50 msec of the HFS: wild-type, 99 Ϯ 7% of control; n ϭ 4; EC-SOD TG, 104 Ϯ 6% of control; n ϭ 4). Overall, these results indicate that the LTP deficit in EC-SOD transgenic mice cannot be attributed to alterations in either synaptic transmission or NMDA receptor function.
We examined two short-lasting forms of presynaptic plasticity to determine whether the blockade of LTP in EC-SOD transgenic mice was attributable to abnormal presynaptic function. We first examined PTP in hippocampal slices from wild-type and EC-SOD transgenic mice. For that purpose, we analyzed the enhancement of synaptic responses during the first 15 sec after HFS (Zucker, 1989; Chapman et al., 1995) . To avoid potential confounding effects of LTP on PTP measurements, we performed the experiments in the presence of APV (50 M), an NMDA receptor antagonist. As shown in Figure 4 A, PTP in area CA1 was indistinguishable between hippocampal slices from wild-type and EC-SOD transgenic mice. Next, we examined PPF in hippocampal slices from wild-type and EC-SOD transgenic mice. PPF is a presynaptic facilitation revealed by the enhanced magnitude of the response evoked by the second pulse of a pair of pulses delivered at short intervals (McNaughton, 1982; Hess et al., 1987; Muller and Lynch, 1989) . We observed no significant difference in PPF between slices taken from wild-type and EC-SOD transgenic mice (Fig. 4 B) . Taken together, these data suggest that the blockade of LTP in EC-SOD transgenic mice cannot be attributed to abnormal presynaptic function.
Blockade of LTP in EC-SOD transgenic mice is reversible
EC-SOD is a Cu-and Zn-dependent enzyme (Marklund et al., 1982) . Therefore, we determined whether the copper chelator diethyldithiocarbamate (DDCA) could reverse the blockade of LTP observed in hippocampal area CA1 of EC-SOD transgenic mice. For that purpose, we delivered one train of LTP-inducing HFS to slices from either wild-type or EC-SOD transgenic mice in either the presence or absence of 5 mM DDCA. We observed that DDCA reversed the blockade of LTP in slices from EC-SOD transgenic mice (ϪDDCA, fEPSP slope ϭ 99 Ϯ 7% of control; n ϭ 6; ϩDDCA, fEPSP slope ϭ 145 Ϯ 7% of control; n ϭ 6; Fig. 5A ) but had no statistically significant effect on LTP in slices from wild-type mice (ϪDDCA, fEPSP slope ϭ 156 Ϯ 6% of control; n ϭ 6; ϩDDCA, fEPSP slope ϭ 165 Ϯ 8% of control; n ϭ 6; Fig. 5A ). These results show that the blockade of LTP in EC-SOD transgenic mice can be reversed by inhibition of EC-SOD. In addition, these results suggest that the underlying signaling cascades responsible for the induction and expression of LTP remain intact in the hippocampi of EC-SOD transgenic mice.
EC-SOD converts superoxide to hydrogen peroxide and oxygen (Halliwell, 1992) . Because hydrogen peroxide has been shown to inhibit LTP (Pellmar et al., 1991; Auerbach and Segal, 1997) , it is possible that the blockade of LTP in EC-SOD transgenic mice was caused by altered hydrogen peroxide metabolism. To examine the potential involvement of altered hydrogen peroxide metabolism in the impairment of LTP in EC-SOD transgenic mice, slices from wild-type and EC-SOD transgenic mice were given LTP-inducing stimulation in either the presence or absence of catalase (260 U/ml), an enzyme that scavenges hydrogen peroxide (Halliwell, 1992) . Catalase had no effect on the blockade of LTP in slices from EC-SOD transgenic mice (Ϫcatalase, fEPSP slope ϭ 99 Ϯ 7% of control; n ϭ 6; ϩcatalase, fEPSP slope ϭ 96 Ϯ 5% of control; n ϭ 6; Fig. 5B ). Interestingly, in experiments with slices from wild-type mice, we observed that catalase caused a small but statistically significant decrease in the magnitude of LTP (Ϫcatalase, fEPSP slope ϭ 166 Ϯ 10% of control; n ϭ 6; ϩcatalase, fEPSP slope ϭ 144 Ϯ 7% of control; n ϭ 6; Fig. 5B ). These results indicate that blockade of LTP in EC-SOD transgenic mice is not caused by overproduction of hydrogen peroxide. Furthermore, these results indicate that production of hydrogen peroxide may be necessary for the full expression of LTP in area CA1 of wild-type mice.
Mice that overexpress cytoplasmic SOD (SOD-1) exhibit impaired LTP that has been attributed to upregulation of GABAergic neurotransmission (Levkovitz et al., 1999) . To determine whether a similar mechanism was involved in the blockade of LTP in EC-SOD transgenic mice, we delivered one train of LTP-inducing HFS to slices from wild-type and EC-SOD transgenic mice in the presence of bicuculline (10 M), a selective GABA A receptor antagonist. Bicuculline had no effect on the blockade of LTP in slices from EC-SOD transgenic mice (fEPSP slope ϭ 105 Ϯ 3% of control; n ϭ 4; Fig. 5C ) or on LTP in slices from wild-type mice (fEPSP slope ϭ 162 Ϯ 8% of control; n ϭ 4; Fig. 5C ). These results indicate that the lack of LTP in EC-SOD transgenic mice cannot be attributed to upregulation of GABAergic neurotransmission.
EC-SOD transgenic mice exhibit deficient hippocampaldependent associative memory
Under the assumption that hippocampal LTP underlies hippocampal-dependent memory, our observations of compromised LTP in area CA1 of hippocampal slices from EC-SOD transgenic mice lead to the prediction that hippocampal-dependent memory function also is compromised in these mice. To test this prediction, we used two versions of the contextual fearconditioning paradigm (Kim and Fanselow, 1992; Phillips and LeDoux, 1992) . In the first paradigm, which involved conditioning with unsignaled shocks (Table 1) , wild-type and EC-SOD transgenic mice received two 2 sec foot shocks during a 5 min training session (2 min intershock interval) and were tested 24 hr later for conditioning to the training context. Figure 6 A shows that whereas both groups of animals exhibited comparably low levels of freezing during training, EC-SOD transgenic mice exhibited significantly less freezing (19 Ϯ 6% freezing; n ϭ 11) than did wild-type mice (42 Ϯ 7% freezing; n ϭ 11) during testing. In the second paradigm, which involved conditioning with signaled shocks, wild-type and EC-SOD transgenic mice similarly received two 2 sec foot shocks; however, the shocks were preceded by a 30 sec tone. Animals trained in this paradigm were tested for conditioning to the training context either 3 min after training, to assess short-term memory of the conditioning experience, or, similar to the first paradigm, 24 hr after training, to assess long-term memory of the conditioning experience. Figure 6 B shows that wild-type and EC-SOD trans- genic mice exhibited comparably low levels of freezing during training irrespective of delay to testing. When tested for conditioning to the context 3 min after training, both wild-type and EC-SOD transgenic mice exhibited elevated levels of freezing, with the freezing level being comparable between the two groups (wild-type mice, 33 Ϯ 10% freezing; n ϭ 6; EC-SOD transgenic mice, 29 Ϯ 13% freezing; n ϭ 8; Fig. 6 B) . In contrast, when tested for conditioning to the context 24 hr after training, EC-SOD transgenic mice exhibited significantly lower levels of freezing to the context than did wild-type mice (wild-type mice, 58 Ϯ 9% freezing; n ϭ 8; EC-SOD transgenic mice, 17 Ϯ 6% freezing; n ϭ 8), similar to the pattern observed with the first paradigm. Collectively, these data indicate that the initial acquisition and short-term memory of contextual fear conditioning is normal in EC-SOD transgenic mice, but that consolidation of contextual fear conditioning over a long retention interval is significantly impaired in EC-SOD transgenic mice. The lack of a short-term memory deficit by EC-SOD mice suggests that the long-term memory deficit cannot be attributed to a difference between the groups in exploratory behavior or sensorimotor function. Nevertheless, to rule out such an alternative explanation of the findings, we performed two additional behavior analyses. First, we observed exploratory behavior of wild-type and EC-SOD transgenic mice in an open-field chamber for 10 min, recording the frequency of entries into equal-sized square fields drawn onto the floor of the chamber, rearing, nose poking into holes in the chamber walls, and freezing. We found no systematic differences between the two groups of mice with respect to any of the measures, including the percentage of entries into the center fields of the chamber (Table 2 ). Second, we tested the pain threshold of wild-type and EC-SOD mice by placing the animals on a heated platform. We observed no differences in the latency to lick the forepaw, lick the hindpaw, shake the hindpaw, or jump off the hot platform (Table 2) . Taken together, these observations render it unlikely that the long-term memory deficit in EC-SOD transgenic mice can be explained in terms of altered sensorimotor function.
This conclusion was strengthened by our tests of conditioning to the tone in animals trained in the fear-conditioning paradigm with signaled shocks (Table 1) . To assess fear conditioning to the tone, a hippocampal-independent conditioning paradigm (Kim and Fanselow, 1992; Phillips and LeDoux, 1992) , we modified the conditioning chamber with respect to spatial, tactile, olfactory, and visual properties to render the test context novel. Animals were tested in the novel context 26 hr after training, with the tone being presented during the second 3 min of the 6 min test. Analysis of freezing during the first 3 min of the test revealed that none of the mice generalized from the training to the novel test context. Figure  6C depicts fear conditioning to the tone for mice that received a context test trial 3 min after training (with immediate context) and animals that received a context test trial 24 hr after training (with delayed context). Irrespective of the context test protocol, wildtype and EC-SOD transgenic mice showed comparably low levels of freezing to the tone during training and significantly enhanced levels of freezing to the tone during testing (with immediate context: wild-type mice, 70 Ϯ 6% freezing; n ϭ 6; EC-SOD transgenic mice, 56 Ϯ 9% freezing; n ϭ 8; with delayed context: wild-type mice, 74 Ϯ 9% freezing; n ϭ 8; EC-SOD transgenic mice, 43 Ϯ 10% freezing; n ϭ 8). These data show that EC-SOD transgenic mice can consolidate associative representations over a long retention interval provided that the associations involve simple stimulus relations whose mnemonic processing is relatively independent of the integrity of the hippocampus.
DISCUSSION
A growing body of evidence suggests that ROS, such as superoxide, are necessary to induce the full expression of LTP in hippocampal area CA1. For example, cell-permeable superoxide scavengers have been shown to prevent the induction of LTP (Klann, 1998) , and transgenic mice that overexpress the superoxide-scavenging enzyme SOD-1, a cytoplasmic SOD, exhibit impaired LTP (Gahtan et al., 1998) . In addition, cell-impermeable scavengers of superox- Error bars indicate SEM for 11 determinations per group. B, Group data of freezing behavior as shown above, except that animals were conditioned with signaled shocks and tested either 3 min or 24 hr after training. Error bars indicate SEM for eight determinations per group, except for the group of wild-type animals tested 3 min after training, for which the number of determinations was six. C, Group data of freezing behavior to the tone during training (train) and testing (test) for wild-type mice (open bars) and EC-SOD transgenic mice ( filled bars). All animals were tested for conditioning to the tone 26 hr after training. Data on the left show results for animals that received a context test trial 3 min after training (with immediate context test); data on the right show results for animals that received a context test trial 24 hr after training (with delayed context test). The trend toward stronger conditioning to the tone by wild-type mice compared with EC-SOD transgenic mice failed to reach statistical significance regardless of whether animals received the immediate, 2 min context test or the delayed, 5 min context test. The trend, however, raises the possibility that conditioning to the tone may also have been affected by the overexpression of EC-SOD, albeit to a considerably lesser extent than conditioning to the context. Error bars indicate SEM for eight determinations per group, except for the group of wild-type animals with the immediate context test, for which the number of determinations was six. *Statistically significant difference ( p Ͻ 0.01) between wild-type and EC-SOD transgenic mice determined with Tukey's HSD method for post hoc comparisons after a repeated measures ANOVA with one within factor (trial) and one between factor (group).
ide have been shown to strongly attenuate LTP . Similarly, we found that, depending on the LTP induction paradigm, LTP was either blocked or strongly attenuated in area CA1 of hippocampal slices from EC-SOD transgenic mice (Fig. 2 A,B) . These findings are consistent with the idea that superoxide is a critical molecule in the biochemical milieu necessary for LTP in hippocampal area CA1.
In contrast to LTP, synaptic transmission appeared to be normal in EC-SOD transgenic mice (Fig. 3) . In addition, we observed no deficit in either PTP or PPF in EC-SOD transgenic mice (Fig. 4) . These data are important because they indicate that the overexpression of EC-SOD in the transgenic mice interferes with neither presynaptic nor postsynaptic function. The blockade of LTP in these mice, therefore, is unlikely to be attributable to nonspecific effects of EC-SOD. Furthermore, we were able to reverse the LTP deficit by inhibiting EC-SOD (Fig. 5A ), which suggests that there are no fundamental differences in the biochemical machinery in area CA1 between wild-type and EC-SOD transgenic mice.
Interestingly, we found that mossy fiber LTP in EC-SOD transgenic mice was indistinguishable from mossy fiber LTP in wildtype mice (Fig. 2C) , which suggests that superoxide does not play a critical role in this form of synaptic plasticity. The induction of mossy fiber LTP is NMDA receptor-independent; instead, its induction is dependent on the activation of voltage-gated Ca 2ϩ channels (Jaffe and Johnston, 1990; Castillo et al., 1994) . In rat hippocampal slices, glutamate receptor (AMPA, kainate, and NMDA) activation has been shown to result in the production of superoxide, whereas membrane depolarization that activates voltage-gated Ca 2ϩ channels did not (Bindokas et al., 1996) . Thus, superoxide production in the hippocampus is likely to be more closely coupled to NMDA receptor activation than to the activation of voltage-gated Ca 2ϩ channels. It will be of interest to determine whether other NMDA receptor-dependent forms of LTP in the hippocampus, such as at the perforant path3dentate granule cell synapse, are also dependent on production of superoxide.
The enzymatic action of EC-SOD is to convert superoxide to hydrogen peroxide and oxygen (Halliwell, 1992) , and long incubations of hippocampal slices with hydrogen peroxide have been shown to prevent the full expression of LTP (Pellmar et al., 1991; Auerbach and Segal, 1997) . Furthermore, mice that overexpress SOD-1 have impaired LTP that can be reversed partially by the hydrogen peroxide scavenger catalase (Gahtan et al., 1998) . In contrast to these studies, catalase did not reverse the impaired LTP observed in EC-SOD transgenic mice (Fig. 5B) . Moreover, hydrogen peroxide may be necessary for the full expression of LTP, because we found that catalase slightly attenuated LTP in slices from wild-type mice (Fig. 5B) , a finding consistent with previous observations (Katsuki et al., 1998) . One way to reconcile these apparently contradictory findings is to hypothesize that hydrogen peroxide is necessary for the full expression of LTP, and that prolonged exposure to exogenous hydrogen peroxide, in addition to endogenous hydrogen peroxide, is deleterious to the full expression of LTP. This hypothesis remains to be tested.
Our findings are consistent with the hypothesis that superoxide is produced in response to LTP-inducing stimulation. If this hypothesis is correct, then several questions arise. One question is the cellular action of superoxide. It is possible that superoxide acts as a signaling molecule. Superoxide can activate several protein kinases in the hippocampus, including protein kinase C (PKC; Knapp and Klann, 2000) and extracellular signal-regulated kinase 2 (Kanterewicz et al., 1998) , that are necessary for LTP (Malinow et al., 1989; English and Sweatt, 1997) . In addition, superoxide scavengers have been shown to block LTP-associated increases in PKC activity . Alternatively, superoxide can inactivate the calcium/calmodulin-dependent phosphatase calcineurin (Wang et al., 1996) . Such an inactivation has been shown to occur with electrical stimulation of cultured hippocampal neurons (Bito et al., 1996) and might serve to enhance the phosphorylation of critical proteins involved in LTP. It also is possible that superoxide interacts with nitric oxide. The role of nitric oxide in LTP is controversial (Holscher, 1997) ; however, there is evidence that nitric oxide is produced via NMDA receptor activation after LTP-inducing stimulation (Chetkovich et al., 1993) . Superoxide and nitric oxide are known to interact rapidly to form peroxynitrite, a very reactive oxidant that can also nitrate target proteins (Torreilles et al., 1999) . It remains to be determined whether peroxynitrite either oxidizes or nitrates proteins after LTP-inducing stimulation.
Another question raised by our findings concerns the source of superoxide production. Superoxide can be a product of the actions of lipoxygenase on arachidonic acid (Kukreja et al., 1986) , and lipoxygenase inhibitors have been shown to block LTP . Although, as mentioned above, the role of nitric oxide synthase in LTP is controversial (Holscher, 1997) , this enzyme has been shown to produce superoxide (Pou et al., 1999) . Finally, NMDA receptor activation in hippocampal slices has been shown to increase production of superoxide via the mitochondrial electron transport chain (Bindokas et al., 1996) . It will be interesting to determine whether LTP-inducing stimulation produces superoxide via any of the aforementioned mechanisms.
Our studies suggest that superoxide is necessary not only for LTP but also for associative memory. We found that EC-SOD transgenic mice exhibited a pronounced deficit in contextual fear conditioning with both unsignaled and signaled shocks when there was a delay of 24 hr between training and testing ( Fig. 6 A,B) . This learning deficit appears to be caused by impairment in long-term memory, i.e., information consolidation rather than information acquisition, because EC-SOD transgenic mice exhibited similar levels of contextual fear conditioning as did wild-type mice when the delay between training and testing was short (Fig. 6 B) . The long-term memory deficit appears to be relatively specific to hippocampal-mediated learning, because EC-SOD transgenic mice did not exhibit a significant deficit in fear conditioning to the cue despite a 26 hr delay between training and testing. However, there was a trend for EC-SOD transgenic mice to freeze less to the tone than wild-type mice (Fig. 6C) , which in light of the role of the amygdala in mediating this type of learning (Phillips and LeDoux, 1992; Maren et al., 1996) suggests the intriguing possibility that superoxide is involved in synaptic plasticity in the amygdala (Rogan and LeDoux, 1995) .
In addition to the role that superoxide plays in the type of associative memory documented herein, superoxide appears to be necessary for other types of learning. For example, EC-SOD transgenic mice were shown to exhibit deficits in the acquisition of the eight-arm radial maze task (Levin et al., 1998) , a hippocampaldependent spatial memory task. In addition, transgenic mice that overexpress SOD-1 were found to be deficient in their ability to acquire the spatial version of the Morris water maze task (Gahtan et al., 1998) . This finding is particularly intriguing, because in Down's syndrome, the phenotypic manifestation of trisomy 21, the activity of SOD-1 is elevated. The learning deficit observed in SOD-1 transgenic mice has been attributed to a defect in ROS metabolism (Gahtan et al., 1998) ; however, given the role of superoxide as a signaling molecule, it is possible that removal of superoxide by either SOD-1 or EC-SOD interferes with signaling cascades critical for learning. Our studies demonstrate that superoxide is necessary for hippocampal synaptic plasticity and consolidation of associative memories. Although traditionally superoxide has been considered a neurotoxic molecule, our data suggest that improper scavenging of superoxide could be involved in the pathogenesis of a wide variety of neurodegenerative diseases of learning and memory, including Alzheimer's disease (Maulthaup et al., 1997) . Whereas previous studies have suggested that scavenging of superoxide should limit neuronal degeneration, a growing body of evidence suggests that we consider superoxide and similar molecules as part of the biochemical signaling necessary for normal neuronal function (Lander, 1997; Klann and Thiels, 1999) .
